Abstract Marginal land use changes can abruptly result in non-marginal and irreversible changes in ecosystem functioning and the economic values that the ecosystem generates. This challenges the traditional ecosystem services (ESS) mapping approach, which has often made the assumption that ESS can be mapped uniquely to land use and land cover data. Using a functional fragmentation measure, we show how landscape pattern changes might lead to changes in the delivery of ESS. We map changes in ESS of dry calcareous grasslands under different land use change scenarios in a case study region in Switzerland. We selected three ESS known to be related to species diversity including carbon sequestration and pollination as regulating values and recreational experience as cultural value, and compared them to the value of two production services including food and timber production. Results show that the current unceasing fragmentation is particularly critical for the value of ESS provided by species-rich habitats. The article concludes that assessing landscape patterns is key for maintaining valuable ESS in the face of human use and fluctuating environment.
Introduction
Growing need for food, housing and transportation is associated with increasing land conversion (Lambin et al. 2001) . These land use changes are among the worst threats to biodiversity (Sala et al. 2000; Pereira et al. 2010) . They result in widespread changes in the spatial structure of native habitats, markedly influencing ecological functioning (Collinge 1996) and the capacity of the ecosystems to provide services critical to human survival (Palmer et al. 2004) . Despite the increasing recognition of the economic value of these services (TEEB 2010), management of ecosystem services (ESS) is often not related to the planning of landscape patterns. ESS assessments are mostly done on an ecosystem-or habitat-based approach, obscuring the known influence of spatial land use patterns on ecological processes. But, while the additional benefit of understanding the spatial pattern of various ecosystems on the provision of ESS has not yet been a central concern of ecologists nor landscape planners, it could support achieving many conservation goals where congruence exist between areas of high biodiversity value and areas important for multiple ESS delivery ) and thus foster recognition of landscape's economic value (Polasky et al. 2005) .
Most of the ESS mapping studies assume that ESS provision responds to gradual land use changes in a smooth way and that ESS change linearly with critical habitat variables such as size (e.g. Chan et al. 2006; Grêt-Regamey et al. 2008; Naidoo et al. 2008; Egoh et al. 2009; Nelson et al. 2009; Maes et al. 2012) . Such approaches can however introduce errors because they do not account for spatial variability in biophysical variables or processes (Eigenbrod et al. 2010 ). Dale and Polasky (2007) give examples highlighting the importance of the spatial dimension, and in recent years several authors have demonstrated that not considering ecological processes such as species-area relationships can dramatically change the ESS values. Dobson et al. (2006) for example investigated the implications of habitat loss for ESS provision showing that management should focus on securing ecosystems viable for species with larger area requirements. Aburto-Oropeza et al. (2008) and Barbier et al. (2008) investigated the effect of mangrove areas and fringes on ESS values, and concluded that temporal and spatial non-linearities had to be taken into account for, if we are to accurately estimate the value of ESS. Finally, Koch et al. (2009) expanded on the paper by Barbier et al. (2008) by incorporating the effect of both plant species and tidal level on wave attenuation and emphasized the nonlinear properties of ESS in mangrove areas. If thus we recognize these non-linear relationships as ecological theory suggests (MacArthur and Wilson 1967; Levins 1969) , we need to take them into account in ESS mapping for providing robust assessments for landscape planning and support management decisions.
Landscape ecology studies have provided a broad knowledge on the relationships between spatial patterns and ecological processes on a range of scales (Wu 2013) , and conservation plans are since more than a decade including information on size, shape and configuration for maintaining ecological and evolutionary processes (Cowling et al. 1999; Rouget et al. 2003) . But studies investigating links between spatial patterns and ESS delivery are rare and have especially been focusing on regulating services (e.g. Bianchi et al. 2006; Ricketts et al. 2008) . In recent years however, the spatial perspective of the ESS concept has become increasingly important, and has even led to a new concept of landscape services (Termorshuizen and Opdam 2009) . Several authors have investigated spatial discounting into the economic analysis of ESS (e.g. Georgiou et al. 2000; Bateman et al. 2006; Kozak et al. 2013) or have investigated changes in values depending on the spatial scales at which ESS are supplied (e.g. Hein et al. 2006) . The effect of spatial heterogeneity of ESS and the consequences of this heterogeneity for the value of these services has however only recently received attention. Syrbe and Walz (2012) reviewed the literature on the spatial characteristics of ESS and how they relate to quantified measures of landscape structure methods. Frank et al. (2012) investigated the use of landscape metrics for appraising the potential of landscape to deliver ESS, showing that if landscape metrics are not considered, the potential of a landscape to provide ESS can be overestimated. Fürst et al. (2013) used a set of landscape metrics to assess the impact of land use patterns on the potential of a region to provide ESS, and Frank et al. (2013) presented an approach on assessing landscape aesthetics with landscape metrics. But while spatial patterns and their thresholds related to ecological processes have been identified as crucial for sustainable ESS provision (Carpenter et al. 2009 ), ways to integrate them into ESS mapping are missing.
In this contribution, we present an approach on how to integrate landscape spatial patterns into ESS mapping. We link a functional fragmentation measure to the provision of selected ESS of dry calcareous grasslands in the Swiss Canton Aargau-a region characterized by strong urban sprawl (Wissen et al. 2011) . The nutrient poor and dry calcareous grasslands are amongst the most species-rich habitats of Central Europe, harboring a high diversity of characteristic plants of which roughly onethird is restricted to this type of habitat (Ellenberg 1988; Wallis De Vries et al. 2007; European Environment Agency 2013) . The link between the ecological processes affected by a change in fragmentation and ESS delivery is established by selecting a set of ESS know to be positively related to species diversity. Based on the results of a study of a grassland-dominated landscape from the central French Alps (Lavorel et al. 2011) , we selected three ESS including carbon sequestration and pollination as regulating values and recreational experience as cultural value, and compared them to the value of two production services including food and timber production. As spatial and ecological characteristics of habit fragments are known to influence ecological processes with a threshold effect (e.g. see Collinge 1996 for a review), we incorporated a theoretical critical threshold level in ESS delivery linked to the fragmentation measure. We illustrate the sensitivity of the ESS delivery by modifying the ESS provision capacity when a critical level is passed, as suggested by Walker et al. (2010) . We map the changes of the five selected ESS under different land use scenarios, and show that management that recognizes the influence of landscape patterns on ESS delivery can enhance the likelihood of a sustained provision of the services under land use and environmental changes. Finally, we discuss advantages and limitations of the suggested approach.
Materials and methods

Fragmentation index
For assessing functional connectivity, most studies have dealt with species or population level and measured gene flow in terms of the dispersal of plant seeds or the movement of pollen. For the conservation of plant communities, however, methods are required that measure functional connectivity at an entire community level rather than at population level. Landscape connectivity as the combination of functional and structural connectivity is both species-and landscape-specific (Tischendorf and Fahrig 2000; Brooks 2003; Taylor et al. 2006) . In order to determine functional landscape connectivity, it is therefore essential to understand how the movement behavior of organisms interacts with landscape structure (Goodwin 2003) . Theoretical and empirical work on metacommunities is based on a range of approaches to explain the diversity and relative abundance of species in ecological communities in space and time (Hubbell 2001; Leibold et al. 2004; Holyoak et al. 2005) . Schlup (2009) used spatial rank consistency (RC) for detecting fragmentation effects at the plant community level. Spatial RC is an aggregated measure of the mean squared differences of species ranks. It can be interpreted as the variability of community composition, and can be calculated based on the abundances of plant species in a plot or study area. Based on field studies in the Swiss Canton Aargau, Schlup (2009) analyzed how species richness and species RC, thus the shifts in species ranks in space, differed along gradients of size and isolation of calcareous grassland communities. While no fragmentation effects could be detected for species richness, small and isolated grasslands had a significantly lower RC and an enhanced variation in bdiversity than large and connected ones. Patch area had a statistically significant effect on RC for habitat specialists of intact calcareous grasslands, where small patches showed higher variability in species ranks than large ones. Thus habitat specialist species were strongly affected by increased stochasticity in small patches. The effect of isolation was greatest for species with low capacity for wind-dispersal, but in isolated sites even highly dispersible species were affected. Hence the dispersal capacity of plants species was largely responsible for the isolation effects and was expressed in an increased spatial variability of calcareous grassland communities. The fact that wind dispersal capacity strongly modified the isolation effect supports the interpretation that the isolation effects found in RC are related to the process of dispersal, suggesting that they may provide an indirect measure of functional connectivity by seed flow at the community level.
On this basis Schlup and Nobis (2011) derived a fragmentation index establishing a link to a functional measure in terms of the variability of community composition for grasslands. The measure of the variability of community composition is sensitive to patch size and isolation of a grassland and was tested by real data of calcareous grassland communities in the case study region in the Canton Aargau (Switzerland). Unlike common fragmentation or connectivity measures, which are based on the spatial arrangement or the structural connectivity of habitat patches, the index thus allows for extending the somewhat arbitrary definition of area (small vs. large) and isolation (isolated vs. connected) to an assignment of critical thresholds. The index can be calculated on the basis of the patch size and isolation of a grassland in the case study region according to the following two relationships:
Isolation can be calculated for each grassland site as the sum of areas with suitable habitat, weighted by the distance from the target site using Hanski' s (Hanski 1994) formula as recommended by Moilanen and Nieminen (2002) :
where I i is the isolation of patch i, d ij is the distance between the centroids of patches i and j, A j is the area of patch j and a is the parameter of the exponential distribution describing the dispersal distance. Schlup and Nobis (2011) used centroid-to-centroid distance because of the compact and small extent of the grassland patches. Based on statistical analyses described in Schlup and Nobis (2011), the fragmentation index can then be calculated as follows:
where x
(1) is the log(patch size[m 2 ]); x (2) is the HHisolation = I i .
For the grasslands investigated in this study, it can thus be assumed that the fragmentation parameters can be estimated from the variability measure by maximizing generalized likelihood of the RC. These relationships were used to create a general relationship between RC and the degree of fragmentation for the case study region: While values of RC i \365 correspond to small fragmentation, values[468 mean high fragmentation (Fig. 1) .
Although this classification of Schlup and Nobis (2011) was not based on a biological threshold, analysis showed that it has strong biological relevance. Plant species with large seeds and the dispersal type gravity decreased significantly from the small to the large fragmentation class. Wind dispersed species showed no difference between the different classes of fragmentation. Moreover, habitat specialists of intact calcareous grasslands decreased from the small to the large fragmentation class, whereas plant species of more intensively managed grasslands increased. It can thus be assumed that the classification captures important ecological impacts of fragmentation at the level of plant communities.
Linking landscape patterns to ecosystem services delivery
Including critical threshold levels in ESS delivery linked to landscape patterns requires linking the quantification and monetization of ESS to critical measures in landscape patterns related to thresholds in ecological processes. Based on (1) the link between functional connectivity measure and species diversity as estimated with the RC measures, and (2) the link between species diversity and ESS given by Lavorel et al. (2011) , we related the probability of getting a certain land use patch to the value of the services provided under this land use change analogously to Walker et al. (2010) . As we did not have a clear threshold level between the degree of fragmentation and ESS provision, we assumed that only a RC value of [468 for a given patch has an impact on the ESS dependent on species diversity: when a dry grassland patch has an RC value larger than 468, we replaced the ESS values of the biodiversity rich dry grassland by the values of extensively managed grassland for carbon sequestration and recreational experience. For pollination, the ecosystem service value is set to zero as it is given by the difference between the pollination service of all land uses (particularly dry meadows, nearby forest edges and shrub land) and the service of all land uses but dry meadows. The threshold effect was considered only relevant for carbon sequestration, pollination, and recreational experience, which have been shown to be linked to species diversity (Lavorel et al. 2011) . Food and timber production were not influenced by patch size and connectivity. The ecosystem services value of dry grassland in the case study area was thus calculated as follows:
where p i is the probability of a change in land use i, w CPR is the value of carbon sequestration (C), pollination (P), and recreational experience (R) for all RCi \468, wj is the value of food and timber production on all cells, and n is the total number of raster cells (hectare size) in the case study area. The sensitivity of ESS values to an RC i [468 was investigated under different land use scenarios, which is described in the next paragraph.
Case study
Aargau
The study was carried out in the Swiss canton Aargau, which spreads from the Jura mountains in the north and west to the low Swiss midlands in the south and east and offers a diversely structured landscape with a wide variety of ecosystems. Located between three major urban agglomerations, Basel, Bern and Zürich, the 140,370 ha area is under strong settlement pressure with commuters to the nearby urban agglomerations and major transportation networks of national and international importance. Since the 1950s, changes in agricultural land use and reallocation of land for settlements or infrastructure have reduced the size of calcareous grassland significantly and split them into small and isolated fragments (Baur et al. 1996) . From 1950 to 1985, 95 % of the total area of calcareous grasslands was reduced in the northeastern part of the canton (Möckli 1989) due to land use and agriculture intensification, afforestation, increasing shrub encroachment, and settlement expansion. Thanks to conservation efforts of the last 20 years, the rate of fragmentation has slowed down, but is still going on. We therefore focused in this study on dry calcareous grassland prone to change to other extensively managed grassland, intensively managed grassland, arable land, scrub encroachment and forest. The land use data was obtained by aggregating the basic categories of the Swiss land use statistics (Bundesamt für Statistik (BFS) 2011), applying the categories in Bolliger et al. (2007) . The Swiss land use statistics are based on aerial photo interpretation. The generated categories differ slightly from the categories in Bolliger et al. (2007) as we merged the categories forest and open forest and used the current nomenclature of the Swiss land use statistics, which we adjusted with additional geographical datasets for the actual land use such as the ecological compensation areas and the dataset of the dry grassland inventories (Bundesamt für Umwelt (BAFU) 2010). The resulting spatial distribution of the different land use types in the canton Aargau is shown in Fig. 1 , and the current area of each land use type is provided in Appendix 1 (supplementary material).
Mapping ecosystem services
We selected five ESS including carbon sequestration, pollination, and recreational experience, which are known to be linked to species diversity, as well as food and timber production for which there are no clear links to species diversity. The selection of the speciesdiversity dependent ESS was based on three factors: (1) the ESS delivery is linked to species diversity (based on Lavorel et al. 2011) , (2) the ESS are provided by dry grassland and sensitive to changes to extensively managed grassland, intensively managed grassland, arable land, scrub encroachment, and forest (the dry grassland is a sub-category of extensively managed grassland, which can be turned into intensively managed grassland or-in the case of abandonment-can change into scrub encroachment and later, managed or unmanaged, into forest), and/or (3) ESS are dependent on landscape structures such as pollination (e.g. Ricketts et al. 2008 ) and recreational experience (Boyd and Wainger 2002) .
We quantified the changes in the selected ESS using state-of-the-art GIS-based models. We focused on studies in Switzerland and the close-by Alps for parameterizing the values, thus also incorporating gray literature such as diploma theses and reports from administrative offices. The data from the quantification step was converted into monetary units applying different valuation methods in accordance with the ESS to be valued. The services were calculated per hectare and year. All monetary values were converted into dollars with the average historical exchange rate Figure 2 shows the resulting land use changes under the different scenarios. Details about the transition matrices used for generating the scenarios are provided in Appendix 3 (supplementary material). 
Results
Results show that current unceasing fragmentation is critical for the ESS provided by dry grassland (Fig. 3) . The difference between the aggregated ESS values considering fragmentation effects and the values calculated only based on a traditional mapping approach are more than 50 % in all scenarios. Acknowledging that we only valued five ESS including timber and food production, carbon sequestration, pollination, and recreational experience, the estimated yearly ESS value of 1,735 USD/ha in 2010 (not considering the running costs) compared to an average of agro-ecological subsidies provided to Swiss farmers in 2010 of around 500 USD/ha (Bundesamt für Landwirtschaft 2010) seems reasonable. The observed changes in ecosystem service values considering fragmentation effects are driven by changes (1) in land use types, (2) in patch size and isolation of the ecosystems, (3) in environmental conditions including temperature and precipitation over the case study area, and (4) in land use maintenance costs. Even if the total area of dry grassland stays nearly the same such under the business-as-usual scenario, the decrease in patch sizes leads to an increase in the fragmentation index. The liberalization scenario particularly leads to large fragmentation as both the total area of the dry grassland decreases and the isolation of the patches increases. The fragmentation is so high, that the costs of maintenance of the isolated and small patches exceed the value of the ESS. Even under a scenario of reduced agricultural production, the fragmentation index decreases as the planning of the new dry grasslands was not coordinated and spatial isolation of the dry grassland parcels was not considered. Details about changes in the fragmentation index are provided in the Appendix 5 (supplementary material) (Fig. 4) . The increase in fragmentation has particularly an impact on recreational experience and pollination. Table 1 shows the estimated ESS values and the ratio of the estimated ESS value and the related maintenance costs for each scenario. The timber and food production capacities of the dry meadows, which are rather low compared to other land uses, will not be impaired by the fragmentation. Small differences are due to the spatial reallocation of patches and therefore changed environmental factors. The carbon sequestration varies only slightly, as the decreasing species diversity of fragmented dry meadows causes only a minor change in carbon storage in roots and soil.
While the values of agricultural production and carbon sequestration remain almost at the same level and are hardly affected by the fragmentation, fragmentation has a significant effect on the other two ESS. Recreational experience and pollination are significantly dependent on species diversity, on the one hand due to the aesthetic perception, on the other hand, for reasons of habitat suitability for pollinating insects. Therefore considerably reduced values are found in the scenarios with high fragmentation. The ratio of estimated ESS values and related maintenances costs shows that management costs increase with increasing fragmentation: the smaller the patches and the more scattered they are, the more expensive is the management. Under a reduced agricultural production scenario characterized by an increase in ecological direct payments tied to agrienvironmental regulations and contributions for individual conservation contracts, the number of dry meadow patches increases considerably, and the forest and scrub encroachment expands over agriculture areas. The unmanaged distribution of the parcels results in a high fragmentation, so that the ESS are reduced. If subsidies are abolished and prices for agriculture goods are decreasing as under a liberalization scenario, we see an increase of intensive agriculture and forest areas at the cost of dry grasslands and extensively managed parcels, and consequently a strong decrease in services of extensive grassland which are accompanied by increased maintaining costs. As the maintenance costs of dry meadows exceed the value of the ESS they provide, the total value of a dry meadow parcel becomes negative. An uncoordinated increase in dry grassland areas does thus not necessarily lead to an increase in ESS provision. A strategy directed at connecting them, which can be developed and monitored using landscape metrics (Frank et al. 2012 Fürst et al. 2013) , is therefore essential if ESS are to be provided in the long-term.
Discussion
The study demonstrates that managing for ESS needs a deep understanding of the influence of the spatial distribution of ecosystems on ecological processes and thus ESS delivery. Increasing patch sizes of speciesrich ecosystems will not guarantee sustainable ESS delivery. In other words, if ESS are to be mapped under different stressors, we need to understand the spatial pattern of ecosystems and their ecological consequences. While our analysis only showed how a fragmentation measure can be integrated into ESS mapping, it supports work done by Koch et al. (2009) showing the relevance of addressing non-linearity for ESS assessments, but further research is needed to elucidate the value of the spatial threshold levels relevant for the shifts in the provision of ESS bundles in case studies.
Recent progresses in ecology have shown how functional trait-based approaches could improve on the pure land-use approaches and support the assessment of trade-offs and synergies at the landscape level. While ESS delivery has been related to ecosystem Lavorel et al. (2011) mapped hot and cold spots of ES delivery using abiotic variables and plant traits rather than land use showing that using plant functional variation across landscapes is a powerful approach to understanding the fundamental ecological mechanisms underlying ES provision. Furthermore, consequences on associations and trade-offs among different plant traits for ecosystem functioning and the resulting ability for ecosystem to provide multiple services has only started to be explored (Lavorel and Grigulis 2012) . While the isolation pattern as expressed in the RC in our study is related to the process of dispersal limitation and is thus a measure of functional connectivity, there is missing knowledge of a direct link between dispersal capacity of plants and the ESS provided. How responses of seed dispersal traits to key environmental and landscape structural changes are expected to scale-up to ecosystem properties and ESS need to be investigated. Furthermore, if a threshold concept is applied for ESS mapping, not only thresholds in the functioning of ecosystems should be considered as done in this study, but the dynamic changes of human demands for ESS needs also to be addressed (Plummer and Armitage 2007) . Human perception, behavior and decisionmaking are prone to drastic changes, surprise, unpredictability and complexity. Folke et al. (2002) describes management that also sustains the demand for ESS as ''resilience-building management, which attends to slowly-changing, fundamental variables that create memory, legacy, diversity, and the capacity to innovate in both social and ecological components of the system.'' Mapping ESS for decision-making thus not only requires understanding the importance of spatial patterns for maintaining ecological processes, but understanding how local users perceive the value of ESS and how they control and transform their delivery under different stressors. A threshold concept for ecosystem service mapping should therefore also consider thresholds in socio-ecological systems.
While the total sum of the ESS values we have considered in this contribution is important, we are still only considering a small set of ESS. Cultural ESS for example are one of the ESS highly dependent on spatial patterns (Daniel 2001; Daniel et al. 2012; Frank et al. 2013) . Many have investigated the relationships between objective landscape descriptors and scenic beauty (e.g. Bishop and Hulse 1994; Hunziker and Kienast 1999) . Studies on land use pattern in a catchment area and their effects on hydrological ESS also show the importance of the spatial distribution of ecosystems for ESS provision (e.g. Le Maitre et al. 2009) , and the relationships between urban patterns on ESS provision have been investigated, for example for planning zero-energy cities (e.g. Grêt-Regamey et al. 2013) . But even if one understands the interaction between spatial patterns and ecosystem functioning, we still fail in linking it to the value of humans, which depends on social/cultural construction models. Here a close cooperation between landscape planners, landscape architects and landscape ecologists is needed for creative design of the spatial configuration of landscapes sustaining the integrity of ecological systems and the long term provision of ESS.
In conclusion, while this contribution only shows a first approach on how to consider relationships between landscape patterns and ESS delivery for ESS mapping, it demonstrates the importance of integrating spatial measures such as fragmentation into ESS assessments. How size, shape and configuration of ecosystems support ESS provision under different stressors needs to be investigated in multiple approaches such as surveys, experimental manipulations, and models. But mapping ESS without consideration of thresholds over space and time can lead to strong overestimations of ESS. Collaboration between landscape and conservation planners is thus essential in this process if we want to accurately assess ESS changes in the face of increasing land use changes and demand for their services.
